andomized trials of statin treatment have consistently shown reductions in the incidence of cardiovascular events.
In addition to these proven vascular effects, several observational studies have raised the possibility that statins reduce the incidence and severity of certain bacterial infections, 2−5 particularly pneumonia. 6−9 Mechanistic support for this hypothesis is provided in part by laboratory evidence that statins, in addition to lowering low-density lipoprotein (LDL) cholesterol levels considerably, have a positive effect on inflammation, apoptosis, antioxidant balance and endothelial function. 10 However, a common confounder typical of these observational studies relates to the fact that statin treatment may be a nonspecific marker of improved quality of care (healthy user effect). 11, 12 In addition, because infections such as pneumonia are a common complication of myocardial infarction and stroke, any beneficial effect of statin treatment on pneumonia and other infections reported in observational studies may have been due simply to a reduction in these vascular events.
We reviewed data from the recently completed JUPITER trial (Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin), a randomized controlled trial involving more than 17 000 men and wo men randomly assigned to receive either rosuvastatin or placebo, to examine the possibility that statins may reduce the incidence of pneumonia.
2.0 mg/L or greater. 13, 14 Other requirements included a willingness to participate for the duration of the trial, provision of written informed consent and a triglyceride level below 500 mg/dL (5.6 mmol/L).
Exclusion criteria included the use of lipidlowering therapy within six weeks before screening, current use of postmenopausal hormone-replacement therapy, cancer within five years before enrolment (except for basal cell or squamous-cell carcinoma of the skin), diabetes and uncontrolled hypertension. Patients were also excluded if they had inflammatory conditions (e.g., severe arthritis, lupus or inflammatory bowel disease) or if they were taking immunosuppressant agents (e.g., cyclosporine, tacrolimus, azathioprine and long-term oral glucocorticoid treatment).
Randomization and follow-up
Between Mar. 14, 2003, and Dec. 15, 2006, a total of 17 802 participants were randomly assigned in a 1:1 ratio to receive either 20 mg of rosuvastatin daily or placebo. Follow-up visits were scheduled to occur at 13 weeks and at 6, 12, 18, 24, 30, 36, 42, 48, 54 and 60 months after group assignment.
On Mar. 30, 2008, the trial's steering committee accepted the recommendation of the independent data and safety monitoring board to end the trial on the basis of convincing evidence of efficacy with respect to the primary cardiovascular outcome. Participants were asked to continue their blinded treatment and were followed for adverse events, including infections, until they attended a closeout visit, when they learned their treatment assignment. The last closeout visit occurred on Aug. 20, 2008 .
Outcome measures
We evaluated the incidence of infections occurring between treatment assignment and unblinding at the final closeout visit by reviewing re ports of adverse events from the study in vestigators, who were unaware of the treatment assignments. The adverse events were coded by the investigators using MedDRA-11 criteria. (MedDRA -the Medical Dictionary for Regulatory Activities -lists medical terminology used to classify adverse events associated with the use of biopharmaceuticals and other medical products.)
All adverse events coded as infections were grouped into nine non-exclusive categories: nontuberculosis pneumonia, all respiratory infections, soft-tissue infections, gastrointestinal infections, urinary tract infections, gynecologic infections, viral infections, fungal infections and systemic sepsis. For participants who had more than one infection, the first occurrence within each category was used in the primary analyses.
Incident pneumonia was the main focus of the current study. The following MedDRA codes as reported by the study investigators were used to define pneumonia: bronchopneumonia (22 cases), pneumonia (441), Chlamydia pneumonia (2), Haemophilus pneumonia (1), Moraxella pneumonia (1), pneumoccocal pneumonia (1), atypical pneumonia (1), staphylococcal pneumonia (1), viral pneumonia (1) and bacterial pneumonia (7) . We also performed an analysis of total pneumonia, in which recurrent events that occurred at least 90 days apart were considered as independent events.
To assess the severity of the pneumonia, we used the definition of "serious adverse event" as reported by the study investigators. For this analysis, an adverse event was considered serious if it was fatal, life-threatening, resulted in admission to hospital or prolongation of a hospital stay, required intervention to prevent permanent impairment or damage, or resulted in persistent or significant disability.
Statistical analysis
Analyses were done on an intention-to-treat basis. We used univariable Cox regression models to assess the rate ratio associated with rosuvastatin therapy and each category of infection. We used the Kaplan-Meier method to assess time to incident pneumonia.
Because cardiovascular events such as venous thromboembolism can result in an increased risk of infection (and because cardiovascular events were reduced by more than 40% in the rosuvastatin arm of the JUPITER trial 13, 14 ) , we performed a sensitivity analysis in which patients were censored at the time of a cardiovascular event (nonfatal myocardial infarction, nonfatal stroke, un stable angina requiring admission to hospital, arterial revascularization, venous thromboembolism or confirmed death from a cardiovascular cause). This is a standard approach to account for competing risks. 15 We investigated the association between rosuvastatin treatment and the occurrence of all pneumonias, including multiple events in some participants. For this analysis, we considered recurrent pneumonia as a separate event if it occurred at least 90 days after the first event. The overall incidence of pneumonia, including recurrent events, was calculated as the total number of events divided by the total person-time until participants had their closeout visit. 16 We estimated the relative hazard of pneumonia, counting recurrent events in a proportional hazards model that used a robust variance estimate to account for possible overdispersion associated with multiple events per person. 17 Following an approach recommended by Cox, 18 we evaluated the proportional hazards assumption in our models by including an interaction term between age and log study time, with log time centred on the mean. In the presence of a nominal violation of this assumption (p < 0.05), we fitted separate proportional hazards models, as was done in the initial report from the trial. In addition, we examined possible heterogeneity in the effect of rosuvastatin on pneumonia across geographic regions through the use of a likelihood ratio test of interaction. For this analysis, we classified participants into five regions previously considered in the JUPITER trial: Canada and the United States; Central and South America; Europe; South Africa; and Israel. To investigate potential associations between risk factors and pneumonia, and whether control for these risk factors would influence the estimated treatment effect, we fitted a proportional hazards model with a robust variance estimate that counted all pneumonia events after treatment assignment and included as independent variables baseline age, sex, cigarette smoking, body mass index, presence of metabolic syndrome, total cholesterol and triglyceride levels, level of high-sensitivity Creactive protein and treatment assignment.
All p values and 95% confidence intervals (CIs) are two-sided.
Role of the sponsor
The JUPITER trial was initiated by the investigators and was supported financially by AstraZeneca. The sponsor collected the trial data and monitored the study sites but played no role in the conduct of the analyses or drafting of the manuscript.
Results
The characteristics of the participants at baseline were equally distributed in the rosuvastatin and placebo groups (Table 1) . With regard to risk factors for pneumonia, 32% of the participants were 70 years or older at baseline, 37.6% had a body mass index of 30 kg/m 2 or greater, 41.3% had metabolic syndrome, and 16% were current smokers.
Incident pneumonia
Among the 17 802 trial participants followed for a median of 1.9 years (maximum 5.0 years), incident pneumonia was reported as an adverse event in 214 participants assigned to the rosuvastatin group and in 257 assigned to the placebo group (hazard ratio [HR] 0.83, 95% CI 0.69-1.00) (Table 2, Figure 1 ). This analysis included all first events of incident pneumonia, including those that occurred after a cardiovascular event.
The number of participants with incident pneumonia classified as a serious adverse event did not differ significantly between the study groups (71 in the rosuvastatin group and 75 in the placebo group; HR 0.95, 95% CI 0.68-1.31).
In the analyses restricted to events occurring before a cardiovascular event, pneumonia occurred in 203 participants given rosuvastatin and in 250 given placebo (HR 0.81, 95% CI 0.67-0.97) (Table 2, Figure 2 ).
In the analysis that included all instances of pneumonia during follow-up, including recurrences, there were 231 distinct pneumonia events in the rosuvastatin group (rate 1.19 per 100 person-years) and 285 in the placebo group (rate 1.47 per 100 person-years). The proportional hazards model accounting for recurrent events found an estimated relative hazard in the rosuvastatin group of 0.81 (95% CI 0.67-0.98). (Figures 1 and 2 ) suggested little effect of treatment in early follow-up and a larger effect later on. This suggestion of a time-varying effect was supported by a nominally significant test of the proportional hazards assumption (p = 0.04). Post-hoc analyses stratified by time found little treatment effect in the first two years of followup (362 events; HR 0.92, 95% CI 0.75-1.14) but a greater effect after two years (109 events; HR 0.58, 95% CI 0.39-0.85).
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Evaluation of possible heterogeneity in the effect of rosuvastatin by geographic region of participants found no evidence of such heterogeneity (p = 0.44).
Other infections
Incident infections other than pneumonia were diagnosed in 3760 participants in the rosuvastatin group and 3828 in the placebo group (HR 0.98, 95% CI 0.94-1.03). The event was classified as serious among 412 participants in the rosuvastatin group and 456 in the placebo group (HR 0.90, 95%CI 0.79-1.03) . We observed no difference between the rosuvastatin and placebo groups for the following MedDRA categories: all respiratory infections, gastrointestinal infections, urinary tract infections, viral infections and systemic sepsis. In contrast, as observed for pneumonia, we observed reductions in risk associated with rosuvastatin in the categories of softtissue infections, gynecologic infections and fungal infections. None of the MedDRA categories of infection had a significantly higher incidence in the rosuvastatin group than in the placebo group (Table 2) .
Interpretation
In the JUPITER trial, participants randomly assigned to receive rosuvastatin had a modest reduction in the incidence of pneumonia compared with participants assigned to the placebo group. This effect was unchanged in magnitude and remained statistically significant in analyses that adjusted for baseline determinants of pneumonia, in analyses that excluded pneumonia events occurring subsequent to a cardiovascular event and in analyses that included recurrent pneumonia events as well as first events.
Although a number of observational studies have suggested a protective effect of statin use on the incidence of pneumonia and other infections, 2−8 we are not aware of any evidence from prior randomized trials that specifically evaluated this question. However, in a recent trial in which randomly selected patients admitted to hospital because of acute infection had their statin treatment substituted for placebo during their hospital stay, the odds ratio for progression to severe sep- sis declined at a rate similar to that in the group whose statin treatment was not changed. 19 Potential mechanisms that might support a protective effect of statins for infectious diseases include mild anti-inflammatory, antioxidant, immunomodulatory, anti-apoptotic and endothelial protection. Some laboratory data suggest that pretreatment with statins attenuates sepsis-induced shock; in a rat model, pretreatment with simvastatin decreased overproduction of nitric oxide and reverted the impaired vascular responsiveness induced by endotoxic shock. 20 Similarly, in a randomized study, simvastatin treatment in patients admitted with infection was found to reduce levels of interleukin-6 and tumour necrosis factor α.
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Strengths and limitations
The design of the JUPITER trial has several features that support the validity of our findings. Most importantly, treatment was assigned on a random basis. As such, the possibility was reduced that a decreased risk of pneumonia among rosuvastatin users was due to a "healthy cohort effect" or that rosuvastatin use was simply a surrogate for better general health habits, improved socioeconomic status or better access to care. Second, study investigators reported adverse events without knowing the participants' treatment assignments. Third, we performed analyses that excluded participants in whom pneumonia occurred after a cardiovascular event. By so doing, we were able to reduce greatly any bias that might accrue because of competing risks and that might lead to an apparent reduction in pneumonia or other infections simply as a result of differential cardiovascular protection.
Our study has limitations. The JUPITER trial was not designed to study a preventive effect for pneumonia, and the outcomes we used were not defined before the start of the trial. Rather, we relied on investigators' reports of adverse events, which were coded using standardized MedDRA criteria and not directly adjudicated. Thus, there may have been some misclassification and underreporting in our study. However, we focused our primary analysis on incident pneumonia, which we believe is less susceptible to misclassification and underreporting than mild upper respiratory infections or infections presumed to have a viral origin. Further, we know of no systematic reason that misclassification or underreporting would occur more often among participants given rosuvastatin than among those given placebo. As such, any random misclassification might have biased our point estimate of effect toward the null but would unlikely have led to a false-positive finding.
An additional limitation is that we did not have information on the patients' pneumococcal and influenza vaccination status. However, because of the randomized nature of the JUPITER trial, an imbalance on this basis is unlikely. Finally, the JUPITER trial was limited to healthy patients with low levels of LDL cholesterol and elevated levels of high-sensitivity Creactive protein, issues that may reduce generalizability of the findings. 
Conclusion
Data from the JUPITER trial support the hypothesis that statin treatment may modestly reduce the incidence of pneumonia. However, the absolute risk reduction observed in this primary prevention setting was small, and the effects on infection may be greater in other settings. As such, these data provide support for ongoing studies such as the Statins for Acutely Injured Lungs from Sepsis (SAILS) trial and emphasize the need for basic investigators to continue exploring novel mechanisms by which statin therapy appears to reduce the incidence of clinical events.
